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Late-stage functionalization (LSF) has emerged as a powerful strategy for the direct
modification of structurally complex molecules, enabling rapid access to valuable analogues
and offering a step- and resource-economical platform for molecular diversification. Transition-
metal catalysis has played a central role in advancing these transformations. However, to date,
late-stage metal-catalyzed C—H functionalization has relied predominantly on noble transition
metals. First-row (3d) transition metals are more abundant, less expensive, and generally less
toxic, making them attractive alternative for sustainable LSF applications. In addition, they offer
complementary reactivity to their noble metal congeners. This review focuses in the intersection
of 3d-metal catalysis, C—H activation, and late-stage functionalization, with particular emphasis
on the modifications of aromatic systems in complex molecules. A critical analysis of the key
challenges associated with the use of 3d metals in these transformations, including issues related
to catalyst reactivity and stability, as well as the chemo- and regio-selectivity is provided. By
examining the advancements and limitations over the past decade, this review aims to offer
insights into emerging strategies to overcome these challenges and to guide the development of
more efficient and sustainable methodologies in transition-metal catalyzed C—H functionalization.
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1. Introduction

Late-stage functionalization (LSF) has attracted
significant attention as a strategy for the direct transformation
of structurally complex molecules. It has been defined as
“a desired chemoselective transformation on a complex
molecule to provide at least one analogue in sufficient
quantity and purity for a given purpose without the necessity
for installation of a functional group that exclusively serves
the purpose to enable said transformation”.! Given that all
complex molecules contain aliphatic and/or aromatic C—-H
bonds, the direct functionalization of these bonds offer clear
advantages over classical approaches, which often rely on
lengthy, resource-consuming synthetic sequences. In this
context, C—H activation provides a time- and labor-saving
platform for molecular diversification, particularly in drug
development processes.”¢

Transition-metal catalysis has emerged as a powerful
tool for enabling such transformations, offering rapid
access to diverse analogues of complex molecular
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scaffolds. Nevertheless, achieving site-selective activation
of a specific C—H bond within a multifunctional molecule
remains a central challenge.’ This issue is commonly
addressed using directing groups,”!' which can either
be inherent to the substrate or installed prior to the
transformation. While the strict definition of LSF typically
encompasses only the former scenario, excluding strategies
that require pre-installed directing groups is not always
practical. Indeed, even when a removable directing group
must be introduced, C—H activation strategies that enable
efficient diversification of complex molecules without
making use of de novo synthesis, arguably fall within the
broader conceptual framework of LSF, particularly when
they provide cost-effective and step-economical access to
valuable analogues.

Late-stage metal-catalyzed C—H functionalization has
relied extensively on noble transition metals, especially
palladium.>!2 However, concerns regarding their low
natural abundance and high cost together with the growing
demand for sustainable chemical processes, have driven
interest in the use of earth-abundant 3d transition metals.
First-row transition metals are generally better tolerated
as residual impurities in pharmaceutical compounds and
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play essential roles in numerous biological processes,'>!*
which combined with their greater abundance, make them
particularly attractive for LSF applications. Despite these
advantages, 3d-metal catalysts often exhibit lower stability
and distinct reactivity profiles compared to their 4d and
5d counterparts,'*'® which can limit their performance,
particularly under mild conditions required for LSF. To
address these challenges, significant efforts have been
made to the development of suitable ligands and directing
groups, as well as the use of additives capable of enhancing
the reactivity and selectivity of 3d-metal-catalyzed C-H
activation processes.

Several reviews published over the past decade have
addressed those topics. However, most focus predominantly
on noble metals,>>!* particularly palladium, while those
covering 3d metals are generally limited either to a single
metal or to transformations involving small molecules.>!"-*
In this review, aromatic C—H activation methodologies
based on 3d metals (Mn, Fe, Co, Ni and Cu) reported over
the past decade will be discussed. Although transition-metal
catalyzed arene C—H functionalization can occur without
arene-metal bond formation,?’* only processes involving
the proposed formation of a metal-carbon bond during the
catalytic cycle will be discussed. Emphasis is placed on the
reactivity patterns associated with each metal and the nature
of the key intermediates involved. Only studies that includes
at least one example of C—H activation applied to the LSF
of aromatic systems, such as in drugs, natural products,
and biomolecules are considered. Selected examples
also encompass cases in which C-H activation occurs in
a simpler substrate that is subsequently coupled with a
structurally complex coupling partner, thereby illustrating
both the scope and limitations of these methodologies.

The aim of this review is to provide a critical assessment
of the challenges associated with the use of 3d metals in
the C-H functionalization of complex aromatic structures,
with particular attention to catalyst reactivity, stability, and
site- and chemo-selectivity. By examining these aspects,
this review seeks to offer insight into current limitations
and to highlight emerging strategies for overcoming them
in the development of sustainable transition-metal catalyzed
methodologies.

2. Manganese Catalysis

Among first-row (3d) transition metals, manganese
exhibits the broadest range of accessible oxidation states.
Nevertheless, most of its organometallic chemistry in
catalysis is dominated by Mn' and Mn" species. Mn"
complexes are generally characterized by pronounced ionic
character and high reduction potential, often displaying
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behavior reminiscent of Grignard-type reagents.?**
Higher valent manganese species have been predominantly
employed in the activation of relatively weak C(sp*)-H
bonds, particularly those at secondary, tertiary and benzylic
positions.*’

Activation of the thermodynamically more stable
aromatic C(sp?)-H bonds, however, is typically achieved
using Mn' catalysts, which are commonly stabilized by
strong m-acceptor ligands such as carbon monoxide.?”
These transformations frequently operate via chelation-
assistance mechanisms involving directing groups and
a migratory insertion within an overall redox-neutral
fashion.?3° Because of these characteristics, over the past
decade, examples of Mn-catalyzed aromatic C—H activation
for late-stage functionalization have primarily focused on
alkenylation reactions, with comparatively fewer reports
for alkynylations and alkylation processes.

Manganese-catalyzed addition of aromatic C—H bonds
to n-systems represents a hallmark transformation in Mn
catalysis.’' In 2017, Ackermann et al.’> exploited this
reactivity in the site-selective C2 alkynylation of indoles 1
using haloalkynes (2) (Scheme 1, top left). The scope of
haloalkynes proved broad, encompassing silyl-substituted
alkynes as well as aryl-, alkenyl- and alkyl-substituted
variants, including complex alkynes derived from steroids
and amino acids. Mechanistic studies indicated that the
Mn' catalyst enables rapid and reversible base-assisted
C-H activation directed by an N-2-pyrimidyl group. In
cases where the alkyne coupling partner lacked a silyl
substituent, catalytic amounts of BPh,; were required to
facilitate the B-bromide elimination, thereby regenerating
the alkyne functionality after migratory insertion into the
Mn-C bond (Scheme 1, bottom left). Importantly, this
methodology was successfully applied to the late stage
alkynylation of tryptophan residues in short peptides and
to the synthesis of cyclic peptides, highlighting its utility
in the modification of biomolecules.

Shortly thereafter, the same group extended this
Mn'-catalyzed C—H activation strategy to the alkenylation
of indoles using terminal alkynes bearing B—O leaving
groups (3) (Scheme 1, top right),* thereby expanding the
scope of coupling partners for hydroarylations.’! In this
transformation, the addition of a Brgnsted-acid accelerates
the protodemetallation step (Scheme 1, bottom right)
and suppressed undesired f—O elimination pathways
(Scheme 1, detail). The method was efficiently applied
to the functionalization of protected tryptophan in 83%
yield with complete E-selectivity, although no additional
examples of late-stage functionalization were reported.
Notably, the protocol was also adapted to continuous-flow
conditions (Scheme 1, middle), enabling the site selective
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C-H activation/hydroarylation of protected tryptophan
within only 20 min.

Minor modifications to the reaction conditions enabled
the extension of these methodologies to different protocols
for the late-stage diversification of peptides (Figure 1).
In 2021, the group of Ackermann et al.* reported the
Mn'-catalyzed, carboxylate-assisted C—H activation
strategy for the hydroarylation of complex peptides with
propiolates (4) (Figure la). This approach enabled the
efficient conjugation of peptides to structurally complex
biomolecules, including natural products and sugars, while
maintaining broad functional group tolerance. Furthermore,
the methodology was applied to the synthesis of cyclic
peptides exhibiting anticancer activity (Figure 1, bottom).
Importantly, the authors demonstrated the feasibility of
removing the directing group from cyclic peptide products,
highlighting the synthetic practicality of this approach to
late-stage functionalization strategies.

In the same year, these strategies were further applied
to the labeling of complex peptides with BODIPY
fluorophores (5 and 6). The fluorophores bearing alkenyl
or alkynyl linkers, which are key structural elements for
tuning the photophysical properties of the probes, were
introduced through Mn'-catalyzed C—H activation followed
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by either alkynylation or hydroarylation (Figure 1b).*
Notably, the authors demonstrated that a tryptophan-lauric
acid derivative labeled with a BODIPY fluorophore bearing
an alkene linker (Figure 1, bottom) functioned as a fluidity-
sensitive probe, exhibiting fluorescence in response to
subtle changes in the cholesterol content of cell membranes.

This Mn'-catalyzed C-H activation of the indole core
was also applied to the alkenylation of peptides with
terminal alkynes bearing a nitrobenzodiazole (NBD)
fluorophores (7) (Figure 1c).*® Notably, in contrast to
previously reported protocols employing Brgnsted-acid
additives, the use of the Lewis acid BPh, was essential for
promoting the transformation, affording the alkenylated
products with complete E-diastereoselectivity. Furthermore,
the authors prepared an NBD-labeled peptide that exhibits
turn-on fluorescence upon binding to microbial cell
envelop, enabling wash-free imaging of bacterial cells
(Figure 1, bottom). These findings highlight the potential of
Mn-catalyzed late-stage functionalization as a platform for
the development of fluoresce-based tools to investigate cell
function. A related Mn-catalyzed C—H alkenylation strategy
was also employed for the synthesis of alkenylcarborane-
labeled®” (Figure 1d) and coumarin- and chromone-labeled*
tryptophan-containing small peptides with excellent
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Scheme 1. Mn-catalyzed akynylation and alkenylation of indoles.
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E-stereoselectivity (> 20/1), further demonstrating the
versatility of Mn catalysis for the incorporation of different
functional probes into peptides.

Although the 2-arylindazole motif is not commonly
found in naturally occurring compounds, it is prevalent
in numerous biologically active molecules, including
marketed drugs, and has also been employed as fluorescent
probes due to its favorable photophysical properties.>*4
Thus, the development of C—H activation strategies
targeting this scaffold is of significant synthetic interest.
These strategies can be differentiated into two general
categories: guided and innate. The former involves the
coordination of the metal to a directing group, whether
permanently or transiently attached to the substrate, which
brings the metal to the proximity of the targeted C-H
bond, selectively triggering its activation. In contrast,
the latter relies exclusively on the intrinsic reactivity of
the substrate and electronic or steric properties.*! Most
transition metal-catalyzed C—H activation methodologies
involving 2-arylindazoles and related pyrazoles rely on
their innate reactivity when d® metals, such as Pd" are
employed.* In contrast, the use of d® metals, particularly
high-valent Lewis acidic Rh™ and Ru", enables indazole-
directed ortho-C—H activation through formation of
chelation-stabilized metallacycles, thereby providing
complementary site selectivity.*>*

(a)  alkenylation - peptide stitching (2021):

Mn(CO)sBr (10 mol%)
NaOAc (30 mol%)
dioxane, 100 °C, 16 h

(c)  alkenylation - peptide labeling (2023):
NI H—=—Cne)
7
A\
\ @ Mn(CO)sBr (20 mol%)

2by BPh; (40 mol%)
KOAG (40 mol%)
DCE, 60 °C, 18 h

zZ

In this context and aligned with the development of
more sustainable methodologies using earth-abundant 3d
metals, Hajra ef al.** reported the Mn'-catalyzed indazole-
directed C—H alkenylation of arenes with alkynes in water
(Scheme 2). Based on the common reactivity of Mn" via
chelation-assistance mechanisms,?* this strategy enabled
the incorporation of 2-arylindazole (9) scaffold into
structurally complex alkynes (10), including those derived
from steroid and amino acids. Although the methodology
was not extended to more complex peptide substrates,
the use of aqueous reaction conditions combined with
the successful coupling of amino acids-derived alkynes
highlights its potential applicability for the late-stage
modification of more complex peptide-based systems under
biologically compatible conditions.

Besides alkynes, alkenylation reactions can also
be accomplished using allenes as coupling partners in
Mn'-catalyzed C-H activation of indole C2 position.* In
2023, Almendros and Cembellin* reported the Mn'-catalyzed
insertion of acetylated allenes (11) into the C2—-H bond of
indoles (1), furnishing conjugated dienes (12) as products.
Following C—H activation, migratory insertion of the C—-Mn
bond into the less hindered terminal double bond of the
acetylated allene furnished complex I, in which coordination
of Mn to the acetate group stabilizes the catalyst. Subsequent
protodemetalation afforded an allylic acetate intermediate

(b) alkenylation and alkynylation - peptide labeling (2021):
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Figure 1. Late-stage functionalization of biomolecules employing the Mn'-catalyzed C—H activation strategies.
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Scheme 2. Indazole-assisted Mn'-catalyzed C-H alkenylation under
aqueous conditions.

that, in the presence of 1,8-diazabicyclo[5,4,0]Jundec-
7-ene (DBU), generated the conjugated diene, which
likely undergoes isomerization through a Mn'-mediated
process,*’ delivering exclusively the linear C2-alkenylated
indole products with high regioselectivity. Importantly, the
transformation could be extended to other (hetero)aromatic
substrates, including pyrrole and arenes bearing a pyridine
directing group. This methodology was successfully
applied in the functionalization of biomolecules-derived
indoles such as melatonin, as well as to allenes derived
from glyceraldehyde (Scheme 3). However, the scope with
respect to more complex substrates remained limited, and
no additional examples involving highly functionalized

biomolecules were reported.
R
Nt Y\Ar

\ 1 ,4-dioxane, 100 °C

1) MnBr(CO)s
NaOAc 50 mol%)

2) DBU (1.5 equiv.)
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Mn-catalyzed allylation and alkylation reactions remain
comparatively less developed than their alkenylation
counterparts. Reported examples on Mn-catalyzed
aromatic C—H allylation predominantly rely on activated
olefins bearing a B-leaving groups (Scheme 4, right). In
2017, Ackermann et al.*® described the Mn'-catalyzed C2
allylation of indoles (1) using vinyl dioxolanones (13) as
coupling partners. While the reaction proceeded efficiently
in dioxane, enhanced diastereoselectivity favoring the
E double bond was observed in polar protic solvents,
such as trifluoroethanol (TFE) and water, an aspect
particularly attractive for the late-stage functionalization
of biomolecules, such as peptides, proteins and nucleic
acids, which are generally soluble in water and protic
solvents. Moreover, the strong hydrogen-bonding and
metallic cation stabilizing ability of fluorinated alcohols
can facilitate electrophilic C—H activation processes. In
addition, their protic yet non-nucleophilic character enables
compatibility with sensitive functional groups commonly
found in complex molecules.* Under the optimized
reaction conditions, tryptophan derivatives bearing either
pyridinyl or pyrimidinyl directing groups were successfully
functionalized without detectable racemization (Scheme 4).

In the same year, Zhang et al.’° reported a
related Mn!-catalyzed difluoroallylation of 1 using
bromodifluoropropene 14 under similar reaction conditions.
Notably, tryptophan and melatonin analogues were also
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Scheme 3. Mn'-catalyzed indole C—H insertion into allenes.
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Scheme 4. Strategies to Mn'-catalyzed C—H allylation of indoles C2 position.

amenable to this transformation (Scheme 4, left). In both
studies, the mechanism is proposed to involve a fast and
reversible chelation-assisted Mn'-catalyzed C—H activation
step, followed by a migratory insertion and subsequent
[-elimination to furnish allylated products.

The application of this strategy to structurally more
complex biomolecules was further advanced by Ackermann!
in2019 (Scheme 5). The chemoselectivity of the methodology
was demonstrated through the functionalization of the
indole core (1) of tryptophan within peptides containing
free nucleophilic side chains, such as those in serine and
tyrosine, electrophilic halide functionalities, and even
oxidation-sensitive methionine residues. Moreover, the
modified tryptophan amino acid was successfully coupled
with a nucleophilic cysteine, highlighting the utility of
this Mn'-catalyzed approach in peptide ligation strategies
(Scheme 5). The methodology also enabled the incorporation
of structurally complex natural products-derived
a.,B-unsaturated esters into peptide scaffolds. Notably, purine
was shown to serve as an effective directing group in this
Mn'-catalyzed C—H activation manifold, further demonstrating
its potential for the late-stage functionalization of nucleoside
analogues. Recently, the same group demonstrated the
viability of this Mn'-catalyzed C—H allylation protocol in
biologically compatible aqueous reaction media.>

Metal-catalyzed C—H alkylation reactions employing
alkyl halides are often challenging due to competing
B-hydride elimination pathways. In this respect,
manganese offers a distinct advantage as its organometallic
intermediates display a reduced propensity to undergo
B-hydride elimination.”° Nevertheless, reported examples
of manganese-catalyzed C—H alkylation with alkyl halides
typically rely on excess strong bases, such as Grignard
reagents,™>* which generally limits their applicability in
late-stage functionalization.
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Scheme 5. Mn'-catalyzed C—H allylation of C2 position of tryptophan
residues within peptides and purine-assisted Mn-catalyzed arene C-H
allylation of nucleosides.

Punji et al.® demonstrated that the use of a less
nucleophilic base such as lithium bis(trimethylsilyl)
amide (LiHMDS) instead of a Grignard reagent, allowed a
ligand-free chelation-assisted Mn"-catalyzed C—H activation
strategy to be combined with alkyl halides (16) to promote
alkylation. Mechanistic studies suggest that the reaction
proceeds through a rate-determining Mn"-catalyzed C-H
activation step followed by oxidative addition of the alkyl
halide through a radical pathway. A range of primary linear
and branched alkyl bromides bearing different chain length
were suitable coupling partners. However, shorter chains
generally afforded higher yields, which was attributed to their
improved solubility in the reaction solvent. This approach
allowed the incorporation of natural product-derived halides,
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including thymol and structurally complex cholesterol
derivatives (Scheme 6). Despite the tolerance toward various
functional groups in both coupling partners, the substrate
scope remains largely restricted to primary alkyl bromides
and is incompatible with base-sensitive functionalities such
as carbonyl groups, which limits its broader application in
late-stage functionalization.
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NN
18 == 21-88%
Me,
Me
N Me\//)/

M M Me =
e e NG ]\ §

7\

Me 45% from thymol
47% from cholesterol

ic proposal

)

Br R

;Z ) 16 N radical ;z )
—_ —Mn"

Mn'! N e - Br /Mn\ z > Br\M N

Br—Nin oxidative addition Br N rebound Br-

NZ "radical pathway" I ( NZ
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Scheme 6. Mn"-catalyzed C—H alkylation with alkyl halides.

3. Iron Catalysis

Iron, the most abundant transition metal on the crust of
Earth, exhibits a wide range of accessible oxidation states
varying from -2 to +6, enabling diverse reactivity in C—-H
activation processes.’® Such transformations typically
proceed with the assistance of a directing group and involve
either low- or high-valent iron intermediates. In systems

Me THF, rt, 24 h
PMP = 4-OMe(CgHa) then Hy0*

19 20

iron catalyst (10 mol%

da Frota

using high-valent Fe" or Fe" in combination with strongly
coordinating directing groups, C—H activation commonly
occurs via a o-bond metathesis pathway. In contrast, low-
valent Fe® species, particularly combined with weakly
coordinating directing groups, can promote oxidative
addition into ortho C—H bonds.>**® Alternatively, both high-
and low-valent Fe species may engage in ligand-to-ligand
hydrogen transfer pathways for C—H activation.**> Owing
to the high reactivity of organoiron intermediates, these
transformations must be performed under comparatively
lower temperatures relative to analogous processes
catalyzed by 4d and 5d metals. This feature, combined with
low toxicity of iron and high natural abundance,' renders
it an attractive catalyst for late-stage functionalization,
particularly in the context of biomolecules. Despite these
advantages, reports on Fe-catalyzed C—H activation applied
to late-stage functionalization remain scarce, with only a
limited number of examples disclosed over the past decade.

Recently, Ackermann et al.®° reported a regioselective
C-H alkylation of indoles bearing a weakly coordinating
N-PMP directing group (19) with alkenes (20), enabled
by a three-coordinated Fe® catalyst (21) (Scheme 7). The
use of this Fe® complex supported by a N-heterocyclic
carbene (NHC) ligand allowed the transformation to
proceed at room temperature and in the absence of
Grignard reagents as bases, affording the products with
exclusive Markovnikov selectivity. In contrast, the use
of vinylsilanes led to anti-Markovnikov selectivity,
likely due to steric repulsion between the silyl and
p-methoxylphenyl (PMP) groups during C—H activation
step. A related Ru-catalyzed reaction exhibited the same
regioselectivity but required refluxing toluene to achieve

Mes~NxzN~Mes

=0
: (jf\g% /E{
AN R NV

Me Ph  Pn
iron catalyst (21)

functional group tolerance: selected examples

=0
Me

28

78% from estrone

Me N Mes
=0 Me

disfavored Markovnikov
LLHT TS for vinyl silanes

68% from &-tocopherol

Scheme 7. Fe’-catalyzed C—H alkylation of indoles with the assistance of a weakly coordinating directing group.
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comparable yields.® In contrast, palladium-catalyzed C-H
activation methodologies applied to related indole systems
exhibit different regioselectivity, promoting activation
at C4 position rather than at C2.% The protocol exhibits
good functional group tolerance, accommodating styrenes
bearing boronate esters as well as indoles containing
base-sensitive functionalities, such as a cyano groups.
Mechanistically, the authors proposed that C—H activation
proceeds via a ligand-to-ligand hydrogen transfer (LLHT)
pathway, which is favored over concerted oxidative
additions for low-valent 3d metals due to their smaller
atomic radii and lower M-H bond dissociation energies
relative to their 4d and 5d congeners.>® Although only two
examples of late-stage modification were demonstrated,
the mild reaction conditions avoiding Grignard reagents
highlight the potential of this methodology to broaden the
scope of iron-catalyzed C—H functionalization, particularly
for late-stage modification of complex biomolecules.
C-H allylation using allenes has already been
demonstrated for indole scaffold bearing nitrogen
heterocyles as directing groups, affording Z-alkenes
under Mn catalysis.®® More recently, Ackermann et al.®!
reported a Fe'-catalyzed C—H allylation of benzamides
(22) with allenes (23), enabled by a bidentate triazolyl
directing group, delivering Z-alkenes with exclusive
selectivity (Scheme 8). Density functional theory (DFT)
studies suggested that the C—H activation proceeds via
a ligand-to-ligand hydrogen transfer mechanism, while
subsequent allene coordination and migratory insertion
into Fe'! center constitute stereodetermining step, with
steric repulsion favoring formation of the Z-alkene.
Despite requirement for excess Grignard reagent as base,

o
5 X _R?
SO
Hoi N o K
22 23

the reaction proceeded under relatively mild conditions,
being effective even at room temperature. The protocol
exhibits good functional group tolerance, accommodating
sensitive functionalities such as boronates, halogens,
esters and nitriles. Furthermore, the triazolyl directing
group can be readily removed under mild conditions,
although this was primarily demonstrated for less complex
substrates. The methodology was successfully applied to
the functionalization of structurally more complex allenes
derived from natural products, biomolecules and even a
supramolecular calix[4]arene scaffold, underscoring its
potential for late-stage diversification strategies.

4. Cobalt Catalysis

Compared with their 4d and 5d counterparts, cobalt
organometallic species are generally more nucleophilic
due to lower electronegativity of cobalt, which enables
distinct reactivity patterns and selectivity profiles.®® Early
examples of cobalt-catalyzed C—H activation relied on
Co' species generated in situ from Co" salts and Grignard
reagent, which limited the substrate scope and practical
applicability. Subsequent developments in the field have
been enabled by using bench stable, high-valent cobalt
complexes. In general, Co™-catalyzed C-H activation
proceeds through a concerted metalation-deprotonation
(CMD) pathway assisted by monodentate directing groups,
whereas bidentate ones are often required to stabilize the
in situ formation of high-valent Co™
Co" salts under oxidative conditions.”¢8

Over the past decade, numerous examples of
Co'-catalyzed C-H activation have been reported for

intermediates from

o

Fe(acac); (15 mol%)

dppe (15 mol%) g1 A NHDG
. i
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selected examples

0
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R A
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(0]
o—tme
Me
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late-stage functionalization: selected examples
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Scheme 8. Fe'-catalyzed C—H allylation of benzamide bearing a triazolyl directing group using allenes as coupling partners.
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late-stage functionalization applications. Most reported
transformations involve cyclization or allylation reactions,
although some examples of alkylation, a single example of
arylation, and some multicomponent reactions have also
been described.

In 2018, Sundararaju et al.® reported the synthesis of
phthalimides (24) via Co™-catalyzed C-H carbonylation of
benzamides (25). The use of a bidentate 8-aminoquinoline
directing group enabled the in situ generation of the
M species from Co" in the presence of Ag' as
oxidant. A two-chamber system was employed,”™ in
which CO was generated from the reduction of CO,
with tetramethyldiphenylsilane in one chamber and
subsequently transferred to the second chamber, where
the quelation-assisted Co'™-catalyzed C—H activation took
place (Scheme 9). This strategy represents a significant
advancement over earlier methodologies that relied on the
direct use of CO gas,” thereby mitigating safety concerns
associated with its toxicity and flammability. The protocol
exhibits a broad substrate scope, delivering site-selective
C-H carbonylation in good yields, even in the presence of
strongly coordinating direct groups commonly found in
pharmaceutical scaffolds, such as pyridine, pyrazine, and
pyrazole. Furthermore, the methodology was successfully

active Co

da Frota

applied to the carbonylation of the angiotensin II receptor
blocker telmisartan, highlighting its potential for site-
selective late-stage functionalization.

A related Co™-catalyzed protocol for the C-H
carbonylation of phenylalanine derivatives (26) was
later reported, employing picolinamide as a traceless
directing group and CO gas as the carbonyl source, to
afford dihydroisoquinolinolones (27) in good yields
(Scheme 10).”? The authors isolated and characterized
a Co™ intermediate (28), providing strong support for a
Co™-catalyzed C—H activation pathway. The methodology
was successfully extended to the modification of small
di- and tri-peptides, highlighting its potential applicability
to biomolecule late-stage functionalization. However,
certain limitations were identified, including relatively
high catalyst loadings and partial racemization of the
substrates. Despite these drawbacks, the reaction exhibits
a broad substrate scope and notable tolerance toward halide
functionalities. Importantly, the products are obtained
without the directing group, which is advantageous for
applications requiring deprotected peptides derivatives.

In 2021, Gandon et al.” reported a Co™-catalyzed
double annulation of aryl thioamides (29) with alkynes (30),
employing a N-masked thioamide as directing group for

chamber 1

Me, Me CsF (1.5 equiv.)
Ph,s. S Ph 4 CcO, ——— 5% (O + (PhMeySip0
DMF, 110 °C -
Me Me 90 min
ol TAYT U Co(acac), (20 molos) ~ Chamber2 o
H PhCO,H (20 mol%) N
R TIN + o — > Ry N-Q
O LN | AgaCO3 (2.5 equiv.) >
Hi TFT, 100 °C, 24 h
Q= 30- 75%
25
site-selective C-H activation: O Jate-: s{ag e functionalization:

d@ﬁ“" B

75%

O

60%

1T

30% from Telmisartan

Scheme 9. Co-catalyzed C—H carbonylation of benzamides using a two-chamber strategy for CO generation. TFT: oo, 0-trifluorotoluene.
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a1l ;oo . .5 equiv. 2
(A N o . (covm 92C03 (2.5 equiv.) Ril XY oR
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traceless N |
DG .. X7 o7
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Ph 1
o O Me H N oRr
N o) N N N\I/COZMe L N 0
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NH OFEt NH o 0—Ca
o ol SN ]
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from Phe-Phe
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Scheme 10. Co-catalyzed C—H carbonylation of phenylalanine derivatives using a traceless directing group strategy.
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C-H activation (Scheme 11). In contrast to previously
reported methods using unprotected thioamide as directing
group,’*” the N-methylphenyl sulfoximine (MPS)
protecting group proved to be crucial for enabling the double
annulation, as it promotes preferential S-coordination over
N-coordination of cobalt catalyst to the thioamide. This
coordination mode was supported by DFT studies and
experimental observation of isothiochromenone (31)
formation under hydrolytic conditions (Scheme 11, detail).
These findings underscore the importance of rational
directing group design in controlling regioselectivity in
C-H functionalization. Notably, weakly coordinating
functional groups, such as esters and ketones, were well
tolerated, whereas strongly coordinating groups, including
2-pyridyl and 2-pyrazolyl, were not. Furthermore, a range
of MPS-protected thiobenzamides derivatives bearing
terpenoid motifs, as well as derivatives of marketed drugs,
were successfully transformed using this methodology,
highlighting its potential for increasing structural
complexity in natural products and pharmaceutically
relevant molecules.

Over the past decade, electrochemistry and photoredox
catalysis have emerged as attractive, sustainable
alternatives to stoichiometric oxidants in organometallic
C—H activation, enabling the regeneration of high-valent
metal catalyst from low-valent intermediates within the
catalytic cycle.”®" Beyond this role, in Co-catalyzed C-H
activation for late-stage functionalization, examples of
these strategies in promoting the in situ generation of
the active Co™ species from bench-stable Co" precursors,
typically in combination with bidentate directing groups,
have been reported.

Recently, Dong et al.” reported the cobalt-catalyzed,
8-aminoquinoline-assisted electrochemical C—H activation/

annulation of benzamides (25) with inactivated alkenes (20)
(Scheme 12a). Under the reaction conditions, the active Co™
catalyst, generated via anodic oxidation of a Co™ precursor,
promotes the C—H activation step via a base-assisted
electrophilic substitution (BIES) pathway. Subsequently,
a Co'/Co' catalytic cycle takes place, involving product-
releasing reductive elimination from Co™ intermediate,
while hydrogen evolution occurs as the cathodic process.
The electrochemical activation of cobalt catalyst obviates
the need for conventional stoichiometric oxidants such
as Ag' salts. The protocol exhibits a broad substrate
scope and good functional group tolerance, including
free alcohol and halides, such as bromine and chlorine.
Notably, the methodology enables the efficient installation
of dihydroisoquinolone (32) motifs into complex natural
products, biomolecules, and pharmaceutical scaffolds.
However, attempts to remove the directing group were
unsuccessful, which may limit its applicability in late-stage
functionalization when the directing group is not inherently
present in the target molecule.

The allylation of benzamide 25 was also achieved
through the merger of Co-catalyzed C—H activation with
an eosin Y-mediated photoredox catalytic cycle, which
serves as oxidant, using vinyl diazoacetates (33) as coupling
partners (Scheme 12b).% In contrast to a previously reported
Rh'-catalyzed C-H activation of benzamide with vinyl
diazoacetates,®' the Co™ intermediate generated after diazo
insertion exhibit exclusive vinylogous, rather than carbene,
reactivity, affording the allylated products (34) selectively.
The substrate scope is broad, with benzamides bearing
halide functionalities being well tolerated. Although
the method is limited to substrates containing terminal
alkenes, vinyl diazo compounds bearing complex natural
products motifs are compatible with the reaction conditions,

g2 [Cp*Co(CO)l,] (15 mol%) SR
AgSbFg (30 mol%) R
+ | | R - S
Cu(OAc), (1.5 equiv.) |
R? DCE, 130 °C, 24 h YN
30 R? 30-93%

Ph
52% (13:1) 69%

Q0 r

NI P m N P (o] P
nPr<, .S nPr P nPr
N ~ oo 0 N nPr
Y "0 N
nPr S S H
Z 3 A PN
S A SN Me”™ "Me i
nPr nPr N
nPr nPr

73% from probenecid

Scheme 11. Co-catalyzed double annulation of N-protected-thiobenzamide.
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Scheme 12. Alternatives to stoichiometric oxidants in Co-catalyzed C—H activation. (a) Electrochemical activation, (b) photoredox activation.

highlighting the potential of this strategy for late-stage
functionalization of complex molecules.

The allyl moiety is a highly versatile functional group
that enables a wide range of subsequent transformations.
Based on a related strategy using allyl carbonates as
allylating agents, previously reported by Glorius et al.*?
developed a Co'-catalyzed C—H activation of the indole
scaffold (1) in tryptophan residues within complex peptides
using allyl acetates (35) as coupling partners (Scheme 13,
right).®* Both pyridinyl- or pyrimidinyl-directing groups

J. Braz. Chem. Soc. 2026, 37-Spe2, e-20260098

proved effective for chelation-assisted C—H activation and
the reaction proceeded well even at room temperature.
Moreover, a variety of protecting groups commonly used
in peptide chemistry, as well as protic functional groups,
including free peptidic NH, carboxamide and OH, were
well tolerated with high chemoselectivity, highlighting
the robustness and functional group compatibility of
this methodology. Notably, this strategy was further
applied to the synthesis of structurally complex cyclic
peptides through a catalytic sequence combining C-H
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functionalization, olefin metathesis and hydrogenation,
thereby underscoring its potential to enhance step economy
in cyclic peptide synthesis.

Shortly thereafter, Wei et al.3* reported a related
approach employing vinyl dioxanone (36) as a homoallylic
alcohol surrogate (Scheme 13, left). The reaction proceeds
under mild conditions, delivering products with high
diastereoselectivity favoring the E double bond and
exhibiting a broad functional group tolerance. Particularly,
bromo and chloro substituents are well tolerated, enabling
subsequent orthogonal cross-coupling transformations.
Both pyrimidinyl- and pyridinyl-directing groups were
compatible with the C—H functionalization protocol, with
the former generally providing higher diastereoselectivity
in substrate bearing substitution at the C3 position. The
methodology was further extended to the late-stage
functionalization of tryptophan and its derivatives,
including melatonin and commercial drug zolmitriptan.
DFT studies indicated that the diastereoselectivity arises
from the olefin migratory insertion step of the catalytic
cycle, which may account for the diminished selectivity
observed in the late-stage functionalization of more
sterically demanding indole derivatives.

First-Row (3d) Metal Catalysis in Aromatic Systems: Toward Late-Stage C—H Functionalization of Complex Molecules

In 2023, the Co'"-catalyzed C-H allylation of aryl
sulfoxonium ylides (37) was accomplished using vinyl
cyclopropanes (38) as allyl surrogates (Scheme 14).%° In
contrast to previously reported®*® transformations of (37)
which generates carbenes with 4d and 5d group 9 metals,
under cobalt catalysis the sulfoxonium ylide functions
as a weakly coordinating directing group, enabling
the ortho-C—H activation under mild conditions with
excellent diastereoselectivity favoring the E-isomer. The
methodology exhibits good functional group tolerance,
notably accommodating halide substituents such as bromo
and chloro groups. In addition to vinyl cyclopropanes,
other strained allyl surrogates, including vinyl oxiranes,
aziridines, and dioxolanes were also effective, providing
the allylated products with comparable efficiency.
Furthermore, the protocol was successfully applied to the
late-stage modification of derivatives of commercial drugs
such as probenecid and ataluren, demonstrating selective
allylation at the position ortho to the sulfoxonium ylide
over other potentially coordinating directing groups, such
as sulfonamide and oxadiazole.

In 2020, Ackermann et al.”® leverage the high
electrophilicity of Co™ catalyst to promote chelation-
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Scheme 13. Co-catalyzed C-H allylation of indole moiety. (Right) allylation of peptides with allyl acetate; (left) allylation of tryptophan and derivatives

with vinyl dioxanone.
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Scheme 14. Regioselective Co'-catalyzed C—H allylation employing sulfoxonium ylides as directing group.

assisted C—H activation followed by an unprecedent
transmetallation from a boron-based methyl source to the
resulting metallacycle I (Scheme 15). High-throughput
experimentation (HTE) was employed to systematically
optimize reaction parameters, as well as to evaluate
directing group reactivity and functional group tolerance,
thereby delineating the scope and limitations of the
methodology for late-stage methylation of bioactive
molecules. The optimized conditions relied on the use of
boroxine 39, which are better alternatives to boronic acids

under moisture-sensitive reaction conditions.’!%?

The study assessed the directing ability of different
groups commonly found in pharmaceuticals and
structurally complex bioactive compounds, establishing
a reactivity hierarchy that provides a practical guideline
for predicting site-selectivity in late-stage methylation.
In late-stage functionalization in substrates bearing
multiple weakly coordinating directing groups, employing
stoichiometric amounts of cobalt catalyst and excess
boroxine improved the reaction yields while allowing
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Scheme 15. Co-catalyzed methylation via transmetallation to boron-based methyl source and impact of methylation in pharmacokinetic properties.
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recovery of intact starting material, which is particularly
advantageous for functionalization of high-valued
complex molecules. Nevertheless, site-selectivity
remained challenging when multiple weakly-coordinating
directing groups were suitably positioned for chelation,
leading to mixtures of methylated products. Replacing
a hydrogen atom with a methyl group in a molecule can
significantly improve its biological or pharmacological
properties through changes in molecular conformation,
hydrophobic interactions, desolvation energetics, and
metabolic stability. These phenomena are collectively
referred to as the magic methyl effect and, in some cases,
can lead to potency enhancements exceeding 1000-fold.*

R2

First-Row (3d) Metal Catalysis in Aromatic Systems: Toward Late-Stage C—H Functionalization of Complex Molecules

Notably, selected examples were used to demonstrate
the impact of methylation on drug metabolization and
pharmacokinetic properties, including clearance and
cytochromes P450 (CYP450) inhibition (Scheme 15).
In the same year, Maji et al.** reported an alkylation
strategy based on Co'-catalyzed C-H activation followed
by an acrylate (40) migratory insertion/protodemetallation
sequence (Scheme 16a, right). Notably, this study
demonstrated for the first time the use of O-carbamates
as directing group in cobalt C—H activation. The addition
of a Brgnsted acid was found to favor protodemetallation
over B-hydride elimination, suppressing the competing
alkenylation pathway. Furthermore, switching the directing
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Scheme 16. Co-catalyzed C-H alkylation and amidation strategies. (a) O-
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quinazolines, (c) migratory insertion step, (d) synthesis of schizocommunin.
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group from a carbamate to the more strongly coordinating
thiocarbamate enabled C—H amidation using dioxolane (41)
as the amide source (Scheme 16a, left). Interestingly,
Liu et al.”® previously reported a related strategy
employing (41) and N-methoxybenzamide (42) as a
nucleophilic directing group, leading to C—H amidation
products that subsequently undergo Zn-mediated cyclization
to afford quinazoline (43) scaffolds (Scheme 16b).
The presence of sulfur facilitates migratory insertion
of (41), likely via a pathway involving CO, extrusion
(Scheme 16¢).°¢ Notably, removal of the OMe group
from quinazoline (43a), obtained via Co-catalyzed C-H
amidation, followed by acid-catalyzed condensation with
isatin, efficiently furnished schizocommunin (Scheme 16d).
Beyond natural product synthesis, those methodologies
were also successfully applied to the functionalization
of structurally more complex substrates, including
tyrosine and estrone derivatives, as well as of BINOL and
SPINOL frameworks, highlighting its potential utility in
the synthesis and design of new chiral ligands and other
value-added molecules.

The selective C8 alkylation of quinoline N-oxides (44)
under Co™ catalysis was first reported in 2016 via a C-H
activation/oxygen atom transfer sequence using internal
alkynes, leading to the formation of a-functionalized
ketones.”” The high regioselectivity of electrophilic
Co'™ toward the C8 position of quinoline is likely due
to its greater nucleophilicity compared to the more
commonly functionalized C2 position.”® Building on
the weakly coordinating nature of the N-oxide group,
Punniyamurthy et al.®® subsequently developed a
complementary strategy using cyclopropanols (45) as
alkylating agents for the regioselective functionalization
of quinoline derivatives under Co™ catalyst, affording
B-substituded ketones (46) instead (Scheme 17). High
resolution mass spectra (HRMS) analysis of the reaction
mixture revealed the formation of Co™-alkyl species (47)
from B-carbon cleavage of the cyclopropanol ring,
supporting the proposed C-H/C-C activation pathway.
TFE was identified as the optimal solvent, likely due to its
ability to stabilize high-valent cobalt intermediates involved
in the C—H activation process, as well as to enhance catalyst
solubility.*1% The protocol exhibits broad functional group
tolerance, including halogen substituents such as bromine
and iodine, thereby enabling subsequent orthogonal
transformations. The methodology was successfully applied
to late-stage functionalization of complex molecules,
exemplified by a quinoline derivatives bearing gemfibrozil
and sesamol motifs, as well as a cyclopropanol coupling
partner derived from ibuprofen, underscoring its potential
in the modification of pharmaceuticals and natural products.
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Scheme 17. Co-catalyzed C-H alkylation of quinoline N-oxides using
cyclopropanol as coupling partners.

The merger of C—H activation strategies with multi-
component reactions has the potential to improve
synthetic sustainability by improving step economy
while building molecular complexity. While most of the
methodologies rely on noble transition metals, such as
palladium, the use of inexpensive, less toxic 3d metals is
still underdeveloped.!3-11:102

In 2022, Koenig et al.'® reported a Co-catalyzed
three-component arene (48)-alkene (49)-alkyne (50)
coupling that provides ortho-homoallylated arenes (51)
under mild conditions (Scheme 18). The authors design a
Co' precatalyst (52) bearing a strongly electron-donating
alkylphosphine ligand, which hampers the unimolecular
-hydride elimination or C—C reductive elimination pathways
typically associated with Co™ metallacyclopentanes.
Formation of the key Co™ intermediate (53) via oxidative
cyclization with (49) and (50) is proposed to precede
chelation-assisted C—H activation, as supported by
control experiments, analysis of side-product profiles, and
deuterium-labeling studies. A range of directing groups,
including amide, ketone and pyridyl, was evaluated,
with weakly coordinating groups generally providing
better results, likely due to the enhanced reactivity of the
high-valent Co™ intermediate generated after C—H activation.
Although ethylene is the only alkene compatible with the
reaction conditions, symmetrical alkynes bearing both alkyl
and aryl substituents were well tolerated. Unsymmetrical
alkynes also participated in the transformation, albeit
affording mixture of regioisomers that preferentially place
the smaller substituent at the terminal alkene position. The
reaction exhibits good functional group tolerance, including
bromo and boronic ester functionalities. The utility of this
methodology for late-stage functionalization was further
demonstrated by the modification of the commercial drugs
fenofibrate and haloperidol. Overall, this work highlights
the critical role of catalyst design in expanding the scope of
metal-catalyzed C—H functionalization reactions.
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Scheme 18. Co-catalyzed three-component arene-alkene-alkyne coupling: in sifu formation of Co™ active catalyst for C—H activation from Co' precatalyst.

BArF*: B[(3,5-(CF,),)CH,],.

Recently, Manolikakes et al.'*!% reported the synthesis
of N-sulfonyl amines (54) through a Mannich-like coupling
combined with Co™-catalyzed C—H activation (Scheme 19).
In this protocol, the amine products are formed via a
migratory insertion/protodemetallation sequence involving
the in situ generated sulfonimine and a Co™ intermediate
arising from pyridinyl-assisted C—H activation. Notably,
the direct use of a cationic cobalt catalyst, rather than
its conventional in situ generation from a neutral Co™

Q.

XN
(o} Q.0
H + Jj\ + ,\\S/I\ s
A" H HoN™ ™ FAr
1or17 55 57
X=CHorN

precursor in the presence of Ag', significantly improves
reaction efficiency. The methodology displays good
functional group tolerance, including halide functionalities.
However, limitations were observed for substrates bearing
ortho substitution in any of the three coupling partners,
as well as the use of aliphatic aldehydes (55). Both
2-arylpyridines (17) and 2-pyrimidinylindoles (1) were
efficiently coupled with the in situ generated sulfonamides.
Furthermore, the applicability of this methodology to

=
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Scheme 19. Co-catalyzed C—H activation for a three-component Mannich-like coupling.
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late-stage functionalization was demonstrated through the
modification of complex drug molecules such as celecoxib,
sildenafil.'" Importantly, removal of 2-pyrimidyl directing
group from the indole-containing products was also
achieved, enabling further downstream functionalization
of the indole scaffold.

5. Nickel Catalysis

Compared to palladium, nickel exhibits lower
electronegativity (1.91 vs. 2.2) and a significantly lower
standard reduction potential (—=0.257 V vs. 0.951 V),
rendering this 3d metal more readily engaged in oxidative
processes, while reductive steps are comparatively less
favorable. In addition, nickel binds strongly to rt-acceptors
ligands, and B-hydride elimination is generally slower
for nickel than for palladium. Notably, nickel can also
access one-electron redox pathways, enabling radical-
type mechanisms.'>!% Collectively, these electronic and
reactivity features allow nickel to participate in diverse C-H
activation manifolds and expand the range of compatible
coupling partners for C—H functionalization.'?”-'%

In the last decade, examples of Ni-catalyzed C-H
activation focused basically on chelation assisted strategies.
Besides exploring known directing groups, examples of
new heterocycles capable of direct C—H activation were
also reported. Strongly coordinating bidentate directing
groups are the class of choice in most cases, because they
show increased coordination affinity to the metal and, not
only brings it into proximity to the ortho C—H bond but
also influences the steric and electronic properties of the
metal, stabilizing high valent intermediates produced along
the catalytic cycle.!!*!!!

Recently, this chelation-assisted Ni-catalyzed
C-H strategy was extended to the aminoalkylation of
aromatic benzamides (25) bearing an 8-aminoquinoline
directing group, using PB-iodoalkylamines (58) derived
from o-amino acids as alkylating agent (Scheme 20).!'?
Previously reported related reaction under palladium and

Me Oi

eeeeeeea=Q
25 58

: : NPhth
EN E . I/Y
HON JJ: Me

H! NS '
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ruthenium catalysis generally required acidic conditions.!!?
Moreover, previously reported conditions for the alkylation
of 25 using Ni-catalyzed C—H activation under the
assistance of 8-aminoquinoline as a bidentate directing
group'' using alkyl halides (16) failed to furnish the
aminoalkylated product (59). The authors then proposed
a combination of Ni"/Mn catalytic system, which may
change the oxidative addition mechanism to a radical
process involving Ni! intermediates.!>!!¢ This catalytic
system enabled the efficient aminoalkylation while
suppressing -hydride elimination, and preserving the
stereochemical integrity of the chiral center. Although the
requirement for stoichiometric manganese may represent
a drawback, the reaction could also be conducted under
reductant free conditions using a Ni° catalyst, albeit with
slightly diminished yields. This methodology allowed the
incorporation of B-iodoalkylamines derived from natural
amino acids, such as alanine, phenylalanine, tryptophan,
and leucine, into benzamide framework. Moreover, this
approach for C(sp?)-H functionalization was successfully
demonstrated in the late-stage aminoalkylation of natural
products and biomolecules.

Kundu ez al."” developed a Ni"-catalyzed C—H activation
protocol for the functionalization of benzamide (60)
with aryl (61) and alkyl (62) iodides, assisted by a
8-aminoimidazo[1,2-a]pyridine (8-AIP) directing group
(Scheme 21). As this heterocyclic scaffold is prevalent
in bioactive molecules, its ability to act as an effective
directing group is particularly attractive for late-stage
functionalization applications. In this case, the strongly
coordinating''" ability of 8-AIP motif enabled directed
over innate C—H activation, furnishing only the mono-
functionalized products (42). Also, it facilitated the
formation of high-valent Ni" intermediate via oxidative
addition of organohalide'® to Ni" metallacycle formed by
C-H activation process, without the need for additional
ligands or external oxidants, and under only weakly basic
conditions. Furthermore, the utility of this methodology
was demonstrated through the site-selective late-stage

Ni(PPh3),Cl, (10 mol%) Me O

Mn (2 equiv.) N'Q

Na,COj3 (2 equiv.) H
—_—

IBN/PhMe (1:1)
150 °C, 12 h, N, Me” ~NPhth

59
50 - 92%

51% from estrone

Me

61% from (-)-perillic acid

84% from shikimic acid

Scheme 20. Ni"-catalyzed C—H aminoalkylation of benzamide (25) with B-iodoalkylamines (58).
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arylation of an intermediate in route to antitumor derivatives
(Scheme 21), where C—H activation ortho to the benzamide
8-AIP is achieved over the weakly coordinating acetanilide.

Ni(OAC); (20 mol%) o
. R—I NaHCO; (2.5 equiv.) N’DG
toluene, 140 °C, 12 h H
R
R = aryl (61) 42 -90%
R = alkyl (62)

Synthesis of antitumor derivative by late-stage functionalization:

[0)
HNJ(

+ innate C-H activation avoided

H © N Ar
| N H ) . o
” \ ) ' benzamide over aniline selectivity
N
// 7 ' mono- over di-functionalization
S
56%
mechanistic proposal
o) A
0 X |
| R—I N
N N Yot )
P J oxidative addition ®Ni'V—N
Ni'—N R ©
|

Scheme 21. 8-aminoimidazol 1,2-a]pyridine (8-AIP) as directing group
for Ni"-catalyzed C-H alkylation and arylation.

In 2022, a Ni"-catalyzed, chelation assisted C-H
activation of aromatic benzamides (63) was reported for the
late-stage functionalization of commercial drugs bearing
azole (64) units (Scheme 22).""® The use of NiCl,/P(o-tol),
catalytic system in combination with a removable oxazoline-
based bidentate directing group enabled an oxidative
C-H/C-H coupling between aromatic benzamide (63)
and azole heterocycles (64). Mechanistic investigations,
including hydrogen/deuterium (H/D) exchange and
kinetic isotope effect (KIE) experiments, suggested that
C-H activation at the benzamide ring is irreversible,
whereas cleavage of the acidic C-H bond at the azole

First-Row (3d) Metal Catalysis in Aromatic Systems: Toward Late-Stage C—H Functionalization of Complex Molecules

ring is reversible, although neither step appears to be rate-
determining. A range of directing groups was evaluated and,
while pyrazol-based directing group (DG) proved similarly
effective, other mono- and bidentate auxiliaries commonly
found in bioactive molecules, such as sulfonamide and
benzamides were ineffective. This limitation is, however,
advantageous from a selectivity standpoint, as it enables
site-selective late-stage C—H functionalization. Under the
optimized conditions, the xanthine-derived drugs caffeine,
pentoxifylline and doxofylline were coupled to aromatic
benzamides in good yields (61-69%). Despite the clear
advantage of avoiding prefunctionalization of the starting
materials, the requirement for silver salts as oxidant raises
sustainability concerns and may restrict the applicability
of this methodology to more complex molecular scaffolds
and to biomolecules.

In addition to benzamides, C—H activation of electron-
rich aniline rings has also been explored in the context
of late-stage functionalization. Based on previous report
on monodentate pyrimidine-assisted Ni-catalyzed C-H
activation,!'*120 Ackermann et al.'*' reported the first
example of purine-directed C-H alkylation of aniline
derivatives (65) under Ni" catalysis (Scheme 23).!%!
Notably, although the use of a N,N-bidentate ligand is not
strictly required, it improves the yield of site-selective C—H
activation of the aniline ring while suppressing activation
of the more acidic C—H bond in the purine moiety. KIE and
H/D exchange experiments suggested that the Ni"-catalyzed
C-H activation step is facile and not rate-determining,
whereas radical scavenger experiments support a single-
electron transfer pathway for C—Br bond cleavage. With
respect to reaction scope, secondary and primary, cyclic
and acyclic alkyl halides (16) were compatible with
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o : P(o-Tol)3 (20 mol%) N-0C
. H X - ;
H ' N~ ~ P R e
: : AdCO,H (1 equiv.) @_
H: 2 : 2
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e..__'=DG 65-79% ==’
63 64
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(@] o H ‘\S"
N._Bu N
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Scheme 22. Ni"-catalyzed oxazoine-assisted oxidative C—~H/C—H coupling between benzamide (63) and azoles (64).
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this transformation, whereas tertiary alkyl halides failed
to furnish the desired products. Under the optimized
conditions, a purine nucleoside was successfully alkylated,
and the protocol was further extended to fluorescent labeling
of purine nucleobases. Notably, intermolecular competition
experiment demonstrated a clear preference for purine over
pyrimidine assistance!"? in the Ni'-catalyzed C—H activation
process, a feature that is particularly advantageous for
potential applications in the late-stage functionalization of
oligonucleosides. Despite these advances in site-selective
C-H functionalization, the requirement for strongly basic
reaction conditions may limit the applicability of this
methodology to more complex, base-sensitive substrates.

Regioselective functionalization of naphthalenes
is of great interest due to the presence of this motif in
natural products and bioactive compounds.'?>'?* While
directed C—H functionalization typically favors ortho
position, selective C8-H activation is particularly more
challenging because of peri-strain.'* The C8 alkylation
of Cl-substituted naphthalenes has already been reported
using alkyl halides and alkenes; however, they require the

use of noble metals.'?>!%¢

da Frota

In this context, Zhang et al.'”” developed a Ni'-catalyzed
C-H activation strategy that enables highly regioselective
C8 alkylation of naphthalene derivatives (66) using alkyl
chlorides (67) as the alkylating agent (Scheme 24). The
transformation employs a bidentate picolinamide directing
group,'?® which is proposed to provide a favored bond
angle for C8-H activation, while cobalt and zinc additives
facilitate C—Cl bond activation via alkyl radical generation
followed by addition to the nickelacyle formed upon
directed C-H insertion. Notably, the method displays
high selectivity for naphthalene framework, as benzene
derivatives remain unreactive, and allows the incorporation
of complex alkyl fragments derived from (—)-nopol and
citronellol. Although the scope is constrained by reduced
efficiency with sterically more demanding secondary
chlorides (67), the requirement for strong basic conditions,
and extended reaction times to reach moderate yields, the
pronounced site- and chemoselectivity of this approach
underscores its potential value for the functionalization of

structurally complex molecules.

In 2022, Gou et al.'® reported the first Ni-catalyzed
difluoroalkylation of the para C—H position of N-substituted
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Scheme 23. Purine-directed C-H alkylation of aniline derivatives (65) under Ni" catalysis.
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Scheme 24. Ni"-catalyzed regioselective C8 alkylation of naphthalene (66) using alkyl chlorides.

J. Braz. Chem. Soc. 2026, 37-Spe2, e-20260098 19 of 28



da Frota First-Row (3d) Metal Catalysis in Aromatic Systems: Toward Late-Stage C—H Functionalization of Complex Molecules

anilines (68) (Scheme 25). This transformation
proceeds with the assistance of a weakly-coordinating
pivaloyl directing group,''! using Ni(OTf), and bulky
1,3-bis(diphenylphosphino)propane (DPPP) catalytic
system, which enables initial ortho C—Ni bond formation.
Rather than undergoing direct metal-centered coupling, the
electrophilic'® difluoroalkyl radical generated from (69)
under the reaction conditions selectively adds to the more
electron-rich and less sterically hindered para position of
the aniline ring. The group used this approach to efficiently
introduce the difluoroalkyl motifs into structurally complex
molecules, including commercially available drugs such
as ibuprofen and indomethacin, biomolecules such as
pregabaline, and pesticides such as flutolanil. In the absence
of pivaloyl directing group, however, the oxindole (70)
formation is observed through an amide formation followed
by intramolecular Ni-mediated radical cyclization reaction.
Although other weakly-coordinating directing groups were
also found to be compatible, this broad tolerance may be
a drawback in site-selective late-stage functionalization.

6. Copper Catalysis

Copper salts are generally inexpensive and exhibit
relatively low toxicity, contributing to their use in more
sustainable catalytic methodologies. The most common
and thermodynamically stable oxidation states are Cu' and
Cu". Cu' characterized by a relatively small and positively
charged metal center, is less electron-rich and nucleophilic
than Pd° which influences its reactivity profile in C-H
activation processes. In contrast, high-valent copper
intermediates have been implicated in numerous oxidative
transformations. Particularly, Cu™ intermediates are

H

69

rather unstable and prone to facile reductive elimination,
thereby enabling efficient C—X and C—C bond formation.
Therefore, Cu-catalyzed C—H activation processes are often
mechanistically intricate, involving the interplay of multiple
oxidation states throughout the catalytic cycle.'3!-3*

Over the past decade, significant advances in
Cu-catalyzed C—H activation have centered on the
development of strategies to achieve high levels of site-
and chemo-selectivity, predominantly in the formation of
C-heteroatom bonds. In addition to strongly coordinating
bidentate directing groups, alternative approaches have
emerged, including the implementation of transient directing
groups and the exploitation of intrinsic electronic bias of
specific C—H sites to guide selective functionalization.

The presence of metal-coordinating sites, such as
heterocyclic rings, can pose significant challenges in late-
stage C—H activation reactions. These functionalities may
either poison the catalyst through strong coordination or
act as unintended directing group, promoting undesired
C-H activation pathways. Nevertheless, the bidentate
auxiliary 8-aminoquinoline has already been demonstrated
to allow selective ortho C—H amination of benzamides in
the presence of heterocyclic motifs.'?

In 2017, Yu et al."* exploited the affinity of Cu" for a
bidentate anionic oxazoline auxiliary to achieve ortho C—H
activation of benzamide (71) proximal to this directing group,
overriding competitive coordination from strongly binding
heterocycles such as pyridine, pyrazole, pyrimidine, and
triazoles (Scheme 26, right)."” Under mildly basic aerobic
conditions, the Cu" system enabled late-stage amination
of the antihypertensive drug telmisartan in good yield.
With slightly modified conditions, other transformations,
including hydroxylation, arylation and alkynylation, as well

Ni(OTf), (10 mol%)
dppp (20 mol%) H

H
Na,COj; (2 equiv.) N\n/tBu
—_—

DCE, 130 °C, 24 h EtO:C @ ¢}

FF  35.86%

tBu
wo CO,Et
N~ Me
o)\©\
cl

52% from Indomethacin

o]

Me”™ "Me 3% from Ibuprofen

Oxindole formation
RF

Nl”
Ly / \
65 - 92%

F CO,Et 4%

Me

86% from Pregabalin ; CO,E
=

Proposed mechanism

R 0 tBu >8)J\ H tBu
OFEt
Alk

e/EC[rOphI/IC radical EtO2CF2C Ni l
addition 7/ Ve
n

CF3 O /d(coza
OiPr

75% from flutolanil

F

Scheme 25. Ni-catalyzed para C—H bond difluoroalkylation of N-substituted anilines.
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as trifluoromethylation and -etherification could also be
done. Notably, among several potentially reactive C—H bond
sites, functionalization occurred exclusively adjacent to the
oxazoline moiety, which could subsequently be removed,
albeit under strongly acidic conditions.

Shortly after, the same group extended this strategy to
the installation of unprotected amino groups, providing
direct access to free anilines (74) (Scheme 26, left).!?
To perform this transformation, the authors proposed a
switch to a Cu' catalyst, enabling oxidative addition into
oxime derivatives (75), followed by a rate-determining
Cu'-mediated, chelation assisted C—H activation.
The methodology was likewise applied to the late-
stage functionalization of telmisartan, affording the
corresponding aniline after hydrolysis of the imine
intermediate. Although the reaction proceeded under
catalytic Cu' loadings, significantly higher efficiency was
achieved with stoichiometric copper, a limitation that
reduces its suitability for drug development applications.

Indoles is an ubiquitous structural motifs found in natural
products, biomolecules, and a wide range of bioactive
compounds.’?*!% Because of the innate reactivity of the
indole core, electrophilic C—H metallation preferentially
occurs at the C3 position. In contrast, C2 metallation
typically requires the presence of a chelation-assisting
directing group located either on the nitrogen atom or at the
C3 position, which in some cases can also enable activation
of adjacent positions on the benzene ring.'*' Adjusting
reaction conditions and using distinct directing group
strategies therefore allow for selective funcionalization at
different positions of the indole framework.

In 2020, Guo and co-workers'¥ reported a directed
Cu"-catalyzed C-H activation strategy for the selective
installation of a difluoroalkyl group at the C2 position
of indoles (1) (Scheme 27a). A strongly coordination
pyrimidyl group is essential to enable efficient C-H
activation. The reaction proceeded through cyclic Cu!
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intermediates that intercept difluoroalky radicals generated
via oxidation of sodium difluoromethylsulfinate (76),'**
allowing the transformation to occur at relatively
low temperatures. This protocol enabled the
C2-difluoroalkylation of N-pyrimidyl indole-containing
biomolecules, including melatonin, tryptophan and
auxin. Despite the mild thermal conditions and high
C2 selectivity, the requirement for strongly oxidative
conditions to generate the difluoroalkyl radical limits
the applicability of this method to more complex
substrates bearing oxidation-sensitive functional groups.
Later, simillar directed Cu"-mediated C-H activation
strategy employing a pyridine as directing group using
commercially available thiols was also reported for
selective C2 thiolation of the indole core of tryptophan.'#

More recently, a transient directing group (TDG)!#>-147
strategy has been merged to copper-mediated C-H
activation to achieve sulfonylation at the less reactive C4
position of indoles (77) (Scheme 27b). In situ formation
of a bidentate imine TDG occurs through condensation of
a C3 aldehyde group on the indole with B-alanine (78),
a process facilitated by the dehydrating properties of
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP).!® This imine
TDG creates an appropriate binding site to promote Six-
membered Cu" metallacycle (79) upon C4-H activation.'*!
Notably, the transient nature of this directing group
eliminates the need for separate installation and removal
steps, thereby enhancing the step- and atom-economy of
the overall C—H functionalization process. In addition to
promoting C—H cleavage, Cu" is also required for formation
of sulfonyl radical from sodium aryl sulfinates (80).'%%1% In
the absense of an external oxidant, stoichiometric amounts
of copper are therefore necessary to achieve efficient
sulfonylation. This approach was successfully applied to
C4-H functionalization of indoles, enabling the synthesis
of drug analogues using sildenafil- and valdecoxib-derived
sulfinates as sulfonylating agents.
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Scheme 26. Selective ortho C—H amination of benzamides (71) in the presence of heterocyclic motifs.
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Scheme 27. Chelation-assisting directing group strategy for selective funcionalization at different positions of the indole framework. (a) Cu"-catalyzed
C2-H activation with the assistance of a N-heterocyclic directing group, (b) Cu'-catalyzed C4-H activation with the assistance of an imine transient

directing group. TDG: transient directing group.

Beyond the installation of exogenous directing groups,
harnessing the electronic bias within a substrate represents
an attractive strategy to achieve site-selectivity in late-stage
C—-H activation. The pyridine motif is prevalent in numerous
FDA-approved pharmaceuticals and natural products.'-13
Owing to its electron-defficient character and the Lewis
basicity of the ring nitrogen, pyridine can readly coordinate
to transition-metal catalyst, thereby acting as an internal
directing group to promote C—H bond actvation in adjacent
rings. Alternatively, dearomatization of the pyridine ring
constitutes a complementary approach to invert its intrinsic
reactivity, enabling subsequent C—H functionalization with
electrophiles at the meta position.'>

In 2022, Studer et al.' reported a redox-neutral
dearomatization strategy that enables selective
functionalization at the meta position of pyridines (81)
through interception with radical or ionic nucleophiles.
Shortly thereafter, the group extended this concept to a
copper-catalyzed meta-arylation manifold. In this variant, a
highly electrophilic aryl-Cu™ species, generated via oxidative
addition of hypervalent iodine reagent (82) to Cu', undergoes
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selective addition to the more nucleophilic C3 position of an
oxazinopyridine (83). Subsequent reductive elimination from
Cu™, followed by acidic hydrolisis, reestablish aromaticity
to deliver the meta-arylated products (Scheme 28).'%

Remarkably, the transformation proceeds with high
chemoselectivity at the pyridine moiety, even in substrates
bearing more nucleophilic heterocycles such as pyrole
or thiophene. However, ortho-substituted pyridines
proved unreactive under the optimized conditions. This
approach was applied to the late-stage functionalization
of natural product (£)-cotinine and commercially
available drug ibuprofen. Despite its high meta-
selectivity, the requirement for strong acidic conditions
during rearomatization may limit its applicability to
acid-sensitive, structurally more complex molecules. In
addition, this dearomatization/rearomatization sequence
raises concerns regarding atom economy, particularly in
the context of developing more sustainable strategies for
late-stage C—H functionalization.

Photoredox catalysis can be effectively merged with
organometallic C—H activation to enable transformations
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Scheme 28. Cu"-catalyzed meta arylation of an oxazinopyridine (83).

under milder conditions, for example by replacing
stoichometric oxidants typically required for the generation
of high-valent metal intermediates, often at room
temperature.’'>® Copper-catayzed C-H arylation of
benzazoles under photochemical conditions has been
previously reported. However, these methods were largely
limited to more acidic azoles, such as benzoxazoles and
benzothiazoles, or required UV irradiation.!'s-1
Recently, Ackermann et al.'® disclosed a Cu'-catalyzed
C-H arylation of less acidic benzimidazoles (84) using
aryl iodides (60) as coupling partners under visible-light
irradiation at room temperature (Scheme 29). In this system,
coordination of the heterocyclic nitrogen increases the
acidity of the C-H bond, facilitating Cu'-mediated C-H
cleavage. Concurrently, 10-phenylphenothiazine (PTH,
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serves as a photoreductand, enabling the generation of
aryl radical upon visible light excitation. Subsequent
single electron oxidation of the Cu' intermediate,
followed by capture of the aryl radical, affords a Cu™
species that undergoes reductive elimination to furnish
arylated products (85). Aryl iodides (60) bearing sensitive
functionalities, including nitrile, chloro, and esters were
well tolerated, highlighting the good functional group
tolerance of this mild protocol. In addition, a variety of
N-heterocycles such as benzoxazole, oxazole and thiazole
were successfully arylated. The utility of this methodology
was further demonstrated in the late-stage functionalization
of structurally more complex iodides derivatives (60) of
natural products, as well as in the gram-scale synthesis
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of natural product balsoxin, highlighting its potential for
applications in natural products diversification.

7. Conclusions and Perspectives

Late-stage functionalization (LSF) has unequivocally
emerged as a valuable strategy for the rapid diversification
of complex molecules, enabling the streamline synthesis
and modification of bioactive compounds, natural products,
and pharmaceuticals. Despite the significant advances in
the development of 3d-metal-catalyzed C—H activation
methodologies, examples involving the functionalization of
more complex biomolecules, such as proteins and nucleic
acids, as well as highly functionalized natural products,
remain scarce across all the 3d metals discussed in this
review.

A critical analysis of the key features and challenges
associated with the use of 3d transition metals in the C-H
functionalization of complex aromatic structures was
provided in this review. In addition to more abundance,
3d metals often provide complementary reactivity to their
noble metal congeners. Overall, irrespective of the metal
employed, chelation-assisted C—H activation strategies
dominate the field, while approaches that exploit the
innate reactivity of aromatic C—H bonds in late-stage
functionalization remain comparatively underdeveloped.

Among the 3d metals, cobalt and manganese are the
most extensively explored, displaying notable tolerance
toward halide functionalities, which is an advantageous
feature for subsequent orthogonal transformations.
However, their characteristic reactivity profiles largely favor
addition pathways, which restrict the scope of coupling
partners primarily to unsaturated systems such as alkenes
and alkynes, thereby enabling alkenylation and alkylation
reactions. In contrast, nickel has emerged as a preferred
catalyst for arylation reactions and further broadens the
scope of alkylation using alkyl halides. Copper, on the
other hand, is most employed for carbon-heteroatom bond
formation, whereas iron remains underrepresented in late-
stage aromatic C—H functionalization, despite its potential
to promote transformations under comparatively lower
temperatures relative to its 4d counterpart.

Despite these advancements, significant opportunities
remain for the development of new C—H activation
methodologies using 3d metals. Greater emphasis on
harnessing the innate reactivity of aromatic C—H bonds,
especially in heteroaromatic systems, as well as the use of
native functional groups as weakly coordinating directing
groups, could enable improved reactivity and site-selectivity
without the need of pre-installed auxiliaries. Additionally,
the development of milder and more sustainable reaction
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conditions remains an important objective. In this context,
coupling of metal catalysis with electrochemistry or light-
mediated processes, as well as the use of lower temperatures
and greener solvents, could expand the applicability of
these methods to highly functionalized molecules and
biomolecules, ultimately facilitating compatibility with
aqueous and biologically relevant media.
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